hite matter injury in preterm neonates is one of the most common causes of perinatal morbidity and mortality, leading to substantial intellectual, motor, and visual deficits. 1,2 Therefore, early detection and severity scoring based on imaging are critical. Cranial sonography and brain magnetic resonance imaging (MRI) are, in general, the most commonly used diagnostic imaging tools for this purpose. Although brain MRI has been shown to have better sensitivity than cranial sonography for detection and severity grading of white matter injury, 3,4 cranial sonography is the most commonly used screening tool for white matter injury in preSun Kyoung You, MD, Young Hun Choi, MD, Sang Joon Park, PhD, Jung-Eun Cheon, PhD, In-One Kim, PhD, Woo-Sun Kim, PhD, So Mi Lee, MD, Hyun-Hae Cho, MD Received January 13, 2015, 
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Objectives-To analyze the texture features on cranial sonography in preterm neonates with white matter injury quantitatively and to correlate these features with magnetic resonance imaging (MRI).
Methods-The study included 33 preterm neonates treated in our neonatal intensive care unit who underwent serial cranial sonography and brain MRI near term. Patients were subdivided into 3 groups according to the presence and severity of white matter injury as revealed by MRI: normal (group 1; n = 20), mild (group 2; n = 5), and severe (group 3; n = 8). The periventricular echogenicity on sonography was evaluated quantitatively with second-order gray-level statistics (gray-level co-occurrence matrix [GLCM] method). Four GLCM texture features representing homogeneity were extracted in 12 directions: (1) angular second moment (ASM), (2) inverse differential moment (IDM), (3) contrast, and (4) entropy. mature neonates, as it is radiation free, is easily accessible, and can be performed at the bedside of neonatal intensive care units. To diagnose white matter injury by sonography, periventricular echogenicity is subjectively evaluated by assessing a panel of features, such as the intensity level, extent, coarseness, and margin of the echogenicity. However, such subjective visual assessment can lead to substantial interobserver and intraobserver variations, and differentiating normal and pathologic findings is often difficult. Cranial sonography is particularly limited in its ability to detect the milder spectrum of white matter injury and to show noncystic white matter injury. [5] [6] [7] [8] [9] Therefore, there have been many studies attempting to develop a system for quantitative analysis of cranial sonograms in preterm neonates. [10] [11] [12] [13] The gray-level co-occurrence matrix (GLCM) is one of the most common methods of secondorder gray-level texture analysis, and several previous studies have used this technique. 12, [14] [15] [16] The results of texture analysis seem promising, but the clinical value remains limited, as further development is still required. 12, [14] [15] [16] Although several studies have used quantitative texture analysis to compare healthy neonates and those with clinically diagnosed white matter injury, to our knowledge, there are no reports on the correlation of texture features on cranial sonography with the degree of white matter injury observed on MRI. We hypothesized that sonographic features may correlate more with MRI findings than with clinical outcomes because the morphologic changes we observe in the brain are similar on both sonography and MRI, whereas the ultimate clinical outcome may not correlate precisely with the morphologic changes observed on imaging. 17 Therefore, the purpose of our study was to quantitatively analyze the texture features on cranial sonography in preterm neonates with white matter injury and correlate these features with the severity of injury revealed by MRI.
Materials and Methods

Patients
Our Institutional Review Board approved this retrospective study, and informed consent requirements were waived. From January 2010 to December 2012, 145 preterm neonates, who were born before 37 weeks' gestation, underwent both serial cranial sonographic examinations and brain MRI at term-equivalent ages in the neonatal intensive care unit of our institution. Among them, preterm neonates with intracranial hemorrhage (intraventricular hemorrhage or hemorrhagic infarction; n = 46), congenital malformations (n = 10), infections (n = 2), or traumatic lesions detected on imaging (n = 1) and those who did not receive an initial cranial sonographic examination at our institution (n = 53) were excluded. Ultimately, our study population included 33 patients.
Clinical Information
From our medical database, we retrospectively obtained information about gestational age, birth weight, Apgar score, and the presence of respiratory distress syndrome, persistent pulmonary hypertension, bronchopulmonary dysplasia, and necrotizing enterocolitis for each patient.
Image Acquisition
According to the routine protocol in our institution, all preterm neonates in the neonatal intensive care unit received cranial sonographic examinations at 3 and 7 days of life. Thereafter, follow-up cranial sonographic examinations were performed every 1 or 2 weeks until discharge. All cranial sonographic examinations were performed by pediatric radiologists (J.-E.C. and Y.H.C., with 18 and 7 years of experience, respectively) using a Vivid 7 system (GE Vingmed, Horten, Norway) with a 5-8-MHz sector transducer. A preset neonatal brain setting was used for all examinations, and the operators were allowed to adjust the machine settings such as the scan depth, gain, and time-gain compensation to render the best images possible for each examination. The routine settings of scanning parameters used in our population are listed in Table 1 . Routine images were obtained in coronal and sagittal planes through the anterior fontanel.
For all 33 neonates, MRI was done at approximately 36 weeks' postmenstrual age or when clinically indicated (mean postmenstrual age ± SD, 35.9 ± 4.7 weeks; range, 27-52 weeks). All MRI studies were performed on a Magnetom Avanto1.5-T system (Siemens AG, Erlangen, Germany) using the MRI-compatible LMT Nomag IC 1.5 MRI incubator system (Lammers Medical Technology, Lubeck, Germany). Routine brain MRI sequences consisted of axial T2-weighted turbo spin echo and fluid-attenuated inversion recovery, axial and sagittal T1-weighted spin Figure 1 ).
Quantitative Analysis of Cranial Sonograms
Because white matter echogenicity evolves over time, we chose to analyze the sonograms that were obtained at 3 days of life for each patient (mean time after birth, 1.48 ± 0.27 days; range, 0-7 days). In the selected sonograms, we used coronal images that were just posterior to the ventricular antrum, which contains the white matter over the occipital horn of the lateral ventricles. Suitable coronal sonograms were downloaded in the original Digital Imaging and Communications in Medicine format. The resolution of the sonograms was 636 × 434 pixels. A large region of interest (ROI) covering the bilateral white matter was drawn manually with ImageJ version 1.44 software (National Institutes of Health, Bethesda, MD), as shown in Figure 2 . The mean pixel area of nonspherical ROIs was 223.6 (range, 187.8-259.4).
Our in-house personal computer-based software (Medical Imaging Solution for Segmentation and Texture Analysis), which was coded in the C++ language with Microsoft Foundation Classes (Microsoft Corporation, Redmond, WA), was used for quantification of texture features. The software calculated second-order texture features automatically with the input ROI information (S.J.P.). Among various kinds of texture features that could be extracted from the GLCM, we obtained 4 representative parameters, as follows [22] [23] [24] :
(1) Homogeneity/angular second moment (ASM), a measure of the homogeneity of images that has relatively high values for a homogeneous image:
(2) Local homogeneity/inverse difference moment (IDM), which also represents the homogeneity of the image: (3) Contrast, a measure of local variations that shows high values for high contrast images (i ≠ j):
J Ultrasound Med 2015; 34:e1-e10 e3
You et al-Quantitative Texture Analysis in Preterm Neonates With White Matter Injury G represents the number of gray levels used. P x (i) is the ith entry in the marginal-probability matrix obtained by summing the rows of P(i, j).
We calculated the 4 parameters in 12 directions: west, east, north, south, west-east, west-north, west-south, eastnorth, east-south, north-south, cross, and circle ( Figure 3 ). For this calculation, the east direction means pairs of pixels for which the first pixel is located 1 pixel to the right of its matching pixel; the north direction means that the first pixel is located 1 pixel below the matching pixel; and so on. West-east refers to the average value of the pixels located west and east of the pixel of interest; east-south refers to the average value of the pixels located east and south of the pixel of interest; cross means the average value of all 4 cardinal directions; and circle means the average value of all 8 directions, including cardinal and diagonal directions.
Consequently, 48 GLCM texture features could be extracted in each patient.
In addition, the following first-order gray-level pixel intensity statistics were calculated from the same software program: mean value, standard deviation, skewness, and kurtosis. A total of 52 texture features were extracted by this protocol.
Statistical Analyses
All data were analyzed with SPSS version 21.0 software for Windows (IBM Corporation, Armonk, NY). The KruskalWallis test was applied for statistical comparisons of texture features among the 3 groups. Statistical significance was defined as P< 0.05 in the Kruskal-Wallis test. Subgroup comparisons were performed by using Mann-Whitney U tests. The significance levels of the post hoc Mann-Whitney U tests were set as P < .017 to correct the α error related to multiple comparisons. A receiver operator characteristic (ROC) curve was constructed to determine the optimal cutoff value. 
Results
The 33 patients in our study population included 17 male and 16 female neonates with a mean gestational age of 28.45 ± 2.7 weeks and a mean birth weight of 1042 ± 436.8 g. Based on MRI grading of white matter injury, 20 preterm neonates were classified into the normal group (group 1); 5 showed a mild degree of white matter injury (group 2); and 8 showed a moderate to severe degree of white matter injury (group 3) on MRI. Demographic data for each of the subgroups are summarized in Table 3 . The gestational age at birth and incidence of bronchopulmonary dysplasia were significantly different among the groups (P = .048; P = .0229, respectively). Subgroup comparisons revealed a statistically significant difference in gestational age between groups 1 and 2 (P = .043). Mean Apgar scores at 1 and 5 minutes were lower in group 3 than in the other groups, but there was no statistically significant difference (P = .197; P = .174). The interval between birth and brain MRI in group 3 was shorter than in the other groups. All patients in groups 2 and 3 underwent ventilator care.
Thirty-two texture features from the GLCM were significantly different among the groups. The mean ASM values in 9 directions, IDM values in 8 directions, and contrast values in 3 directions were significantly different (ASM and IDM represent image homogeneity). Entropy values were significantly different in all directions. Post hoc MannWhitney U tests revealed that 30 texture features were significantly different between groups 1 and 3 ( Table 4) . The mean ASM, IDM, and contrast values were significantly different between groups 1 and 3 in 9, 6, and 3 directions, respectively. Entropy showed a significant difference between groups 1 and 3 in all directions. Generally, the mean contrast and entropy values were lower in group 1 than in group 3, whereas the mean ASM and IDM values were higher in group 1 than in group 3. However, no texture features showed significant differences between groups 1 and 2 or groups 2 and 3. As examples, box plots for ASM in the west-north direction, IDM, contrast, and entropy in the west-east direction are presented in Figure 4 . When receiver operating characteristic curves were constructed for discrimination between groups 1 and 3, entropy in the west-east direction showed the largest area under the curve (AUC) value (0.865; 95% confidence interval [CI], 0.736-0.994; P = .002). The optimal cutoff value for detection of entropy in the west-east direction in the severe group was 3.087, with sensitivity of 87.5% and specificity of 80%. Regarding contrast, the largest AUC value was obtained in the west-east direction (0.825; 95% CI, 0.680-0.970; P = .006). For ASM, the largest AUC was 0.742 (95% CI, 0.553-0.932) in the west-north direction (P = 0.02; Figure 5 and Table 5 ). The AUC values for IDM were not significant in any direction. None of the first-order gray-level statistics (average, standard deviation, skewness, and kurtosis) was significantly different among the groups.
Discussion
The GLCM is one of the most common methods of secondorder gray-level texture analysis, and several previous studies have used this technique. 12, [14] [15] [16] The GLCM is a 2-dimensional histogram that characterizes the occurrence of gray levels in spatially related pixel pairs. Analysis involves the search for a pattern of intensity variation Data are presented as mean ± SD and numbers (percent) where applicable. BPD indicates bronchopulmonary dysplasia; GA, gestational age; NEC, necrotizing enterocolitis; PDA, patent ductus arteriosus; PMA, postmenstrual age; PPHN, persistent pulmonary hypertension of the neonate; PVL, periventricular leukomalacia; and RDS, respiratory distress syndrome. a Subgroup comparison revealed a statistically significant difference in gestational age between normal and mild white matter injury groups (P = .043).
between a pixel and its adjacent neighbors in different directions. The features extracted in our study included ASM, which measures the degree of clustering around major gray-level transitions; IDM, which measures the local homogeneity of an image; contrast, which measures how many large gray-level differences there are in the ROI; and entropy, which measures the lack of uniformity within the matrix. Similar to several previous reports, [22] [23] [24] [25] our results also demonstrated that these second-order graylevel statistics derived from the GLCM may correspond to qualitative detection of homogeneity or inhomogeneity of the echo texture perceived by the radiologist. In accordance with a previous study, 12 the contrast and entropy values were increased in patients with severe white matter injury compared to the healthy patients, which suggests increasing coarseness and heterogeneity in the ROIs in the severe white matter injury group. The ASM and IDM represent homogeneity of the ROIs and were generally decreased in the severe white matter injury group. In our study, 3 second-order texture features were significantly different in only certain directions. We speculate that this finding could have been affected by anisotropy of the white matter tract in sonograms and toroidal coordinates used in the fan-shaped sonograms rather than an orthogonal coordinate system. However, entropy was significantly different between groups 1 and 3 regardless of direction. Among various texture features, entropy was the most commonly used texture analysis parameter in previous studies, and it seems to reflect the heterogeneity of the lesion better than other texture features. 26 We hypothesize that applying the weighting factor of the logarithm to the matrix element P(i, j) in entropy might act as a normalizing factor and enlarge the difference between the groups.
Although many previous studies established the usefulness of first-order gray-level statistics, especially the absolute or relative values of pixel intensities in periventricular white matter compared to those in the choroid plexus, [10] [11] [12] 27 our study revealed that the first-order gray-level statistics (mean gray level, standard deviation, skewness, and kurtosis) showed no statistically significant differences among the groups. We think these findings might have been due to 2 factors. First, we performed no image postprocessing, which means that absolute pixel intensity values could have varied from case to case. Normalization processing, such as comparing the pixel intensities in the choroid plexus, would have improved the performance of the first-order gray-level statistics. Second, a large ROI was used in our study. Therefore, values for parasagittal cortexes, interhemispheric fissures, as well as bilateral white matter were included in the ROI. This process would have attenuated the effects of increased white matter pixel intensities in the white matter injury groups. Nevertheless, and more importantly, the second-order texture features showed statistical significance among the different groups in our study.
Contrary to previous studies, we used MRI grading as a reference for white matter injury, whereas most previous investigations related to texture analysis of brain sonography used clinical developmental findings or simple visual assessment of sonograms for diagnosis of white matter injury. [10] [11] [12] 27 Even though clinical developmental milestones can be related to the severity of injury observed on imaging, such relationships can be affected by many confounding factors. For example, some neonates presenting with white matter injury on imaging may not show motor dysfunction depending on the location and extent of the lesion. Furthermore, some neonates with cerebral palsy can show almost normal imaging findings. Therefore, we thought that brain MRI would correlate more with sonographic findings than data from clinical examinations. Indeed, our quantitative texture analysis revealed somewhat better performance than the previous results reported by Barr et al. 12 Furthermore, we graded white matter injury in mild and severe groups. To our knowledge, our study is first among reports related to the texture analysis to subclassify white matter injury. In our study, the second-order texture features in the mild group (group 2) showed no statistically significant differences versus the normal group (group 1) and the severe group (group 3). However, the mean ASM, IDM, contrast, and entropy values in group 2 appeared to be closer to those in the normal group rather than those in group 3. This finding indicates that secondorder texture analysis is still limited in assessing mild degrees of white matter injury, and further study is needed to discriminate between normal findings and mild white matter injury.
Regarding the clinical data for our study population, Apgar scores at 1 and 5 minutes in the severe white matter injury group were lower than those in the other groups, and the interval between birth and the brain MRI in the severe group was shorter than in the other groups. Low Apgar scores are known to be associated with increased risk and severity of white matter injury. 28 The short interval to brain MRI in the severe group might be explained by the presence of clinical and radiologic evidence of the presence of white matter injury, which would warrant earlier evaluation of white matter injury by MRI.
Our study had several limitations. First, we obtained texture features without compensation for scanner settings. A complicating problem of sonography is that the absolute pixel intensities in sonograms are significantly different from patient to patient and from machine to machine. To minimize this normalization problem, we analyzed sonograms using the same ultrasound machine. As it is impractical to put restrictions on machine settings, and corrective postprocessing can introduce inaccuracies, our analysis only included sonograms that were initially obtained in clinical settings (Table 1) . Nevertheless, our results suggest that second-order statistics are useful for discriminating patients with white matter injury from healthy patients. Our texture analysis results also imply that our software might be applicable to other variable settings of different ultrasound scanners. Second, there was an interval between the sonographic examination and the MRI study (the mean interval between the examinations was 50.0 days; range, 1-117 days), which could have impaired the degree of correlation between the quantitative sonographic features and the white matter injury severity depicted on MRI. However, the MRI data were only analyzed for classifying the severity of the brain injury, not for direct lesion-by-lesion correlation between the imaging modalities. Furthermore, there could have been a chance that a later injurious event occurred between the sonographic and MRI acquisition dates. However, to prevent a selection bias, we chose sonograms obtained on day 3 of life for all patients. Had we reviewed all sonographic examinations for each patient and selected the examination that showed the most pronounced changes, the correlation values of our study would have been stronger. However, that process would have required that we select the sonograms subjectively. To adhere to the purpose of our study (quantitative sonographic texture analysis), we chose day 3 because most perinatal brain injuries occur within 3 days of life. Third, our results are only applicable to coronal sonograms because GLCM texture analysis could be affected by anisotropy as well as image homogeneity. 29 Fourth, the number of patients was relatively small. Fifth, this study was conducted retrospectively. A future prospective study with more consistent and proper imaging settings and a better time line for scans is needed to validate our results.
In conclusion, our study revealed that severe white matter injury could be identified by GLCM texture analysis, whereas mild white matter injury confirmed on MRI could not be discriminated from normal cases by GLCM analysis. Thus, quantitative texture analysis using the GLCM may serve as a complementary tool for qualitative assessment of periventricular echogenicity. In particular, entropy values seem to be the most effective discriminators between patients with severe white matter injury and healthy patients. Further studies are required to both evaluate the relationship between measures derived by texture analysis of periventricular echogenicity and the neurodevelopmental outcomes of preterm neonates and to eventually be able to quantitatively distinguish healthy patients from those with mild white matter injury.
